Introduction detachment of the clathrin-coated vesicles from the membrane . After internalizaSynaptic transmission requires the repeated release of tion, the clathrin-coated vesicles shed their coats, a neurotransmitters at high frequency at the nerve termiprocess that involves a number of proteins, including nal. Our current understanding of this rapid communicaauxilin, Hsp-70, and the cystein string protein (CSP), tion process between the nerve cells and their targets which may function in a chaperone-like manner to unfold is primarily based on the biochemistry of the synaptic the clathrin lattice at the outer surface (reviewed in Sü dvesicles, protein-protein interaction studies, structural hof, 1995; De Camilli and Takei, 1996) . analyses, electrophysiology, and imaging (reviewed by While there is little doubt that synaptic vesicle mem-Sü dhof, 1995). These studies suggest that the repeated branes are endocytosed by clathrin-coated vesicles release of transmitters involves a synaptic vesicle cycle (Heuser and Reese, 1973; Maycox et al., 1992) , it remains that includes the formation of neurotransmitter-filled to be established whether this pathway is essential for vesicles, the release of the neurotransmitter by exosynaptic transmission. The most direct evidence is decytosis, recycling of both the membrane and the release rived from an analysis of the only endocytotic mutant machinery by endocytosis, and, finally, the regeneration isolated to date, the Drosophila mutant shibire (shi), of vesicles that undergo a new round of exocytosis/ which affects the gene coding for dynamin (Chen et al., endocytosis . Each step of the vesicle cycle involves a 1991; van der Bliek and Meyerowitz, 1991) . In a temperanumber of identified components, and their assembly ture-sensitive shi mutant, animals develop normally at is likely to be mediated by distinct protein-protein interthe permissive temperature. At the restrictive temperaactions (reviewed in Sü dhof, 1995) .
ture, however, release of transmitter ceases, leading to While recent studies have focused on the proteins rapid paralysis (Grigliatti et al., 1973 ; Ramaswami et involved in exocytosis, it is not clear whether (or to al., 1993) . Examination of the shi mutant phenotype by what extent) the vesicle membrane recycles via clathrinelectron microscopy indicated that endocytosis is norcoated vesicles, or whether the membrane is directly mally initiated and clathrin-coated pits are formed but retrieved by a fast endocytotic process (reviewed in remain trapped in the collared pit stage (Kosaka and Almers, 1994) . Biochemical studies lead to the proposal Ikeda, 1983a Ikeda, , 1983b . Thus, that the AP2 complex, a heterotetramer containing vesicle recycling and, consequently, transmitter release ␣-adaptin, plays an essential role in orchestrating differare blocked when the function of dynamin is impaired ent steps of endocytosis at the synapse (Robinson, (Koenig et al., 1983; De Camilli and Takei, 1996) . AP2 is able to bind to
In the present study, we have used mutations in a the cytoplasmic tail of a number of membrane receptors Drosophila ␣-Adaptin gene (D-␣Ada) to study recycling of synaptic vesicles. The gene is expressed in the central (Beltzer and Spiess, 1991; Chang et al., 1993; Sorkin to the P element insertion site and constructed a genomic walk (see Experimental Procedures) encompassing the region that turned out to be the D-␣Ada transcription unit (see below). Northern blot analysis with polyA ϩ RNA of embryos and adults revealed that D-␣Ada codes for two transcripts of about 4.8 and 6.3 kb ( Figure 1B ). Both transcripts appear with similar intensities in the polyA ϩ RNA of embryos, while in adults, the smaller transcript appears to be enriched over the longer one.
From a library prepared from polyA ϩ RNA of 0-to 18-hr-old embryos, we isolated a 4.8 kb cDNA that is likely to represent a full-size cDNA of the smaller transcript. Northern blots with cDNA fragments indicated that the two transcripts share the leader region and the open reading frame (see below). We mapped the physical extent of the smaller transcript by hybridization of the cDNA clone within the walk and by sequencing the cDNA and relevant portions of the genomic DNA flanking the shows 70% and 66% amino acid identity to vertebrate (B) Northern blot analysis with polyA ϩ RNA from 0-to 18-hr-old ␣-adaptin-C and ␣-adaptin-A, respectively (Robinson, embryos (Em) and adults (Ad) using the cDNA as a probe, indicating that D-␣Adaptin codes for two transcripts (4.8 and 6.3 kb), which 1989). ␣-adaptins are composed of characteristic reare present both in embryos and adults. Both transcripts were also gions that include the N-terminal head domain, the flexidetected with a probe encompassing exon 1 and 2 (data not shown).
ble hinge domain, and the ear domain (Figure 2 ; see Thus, they share the exons deleted in the D-␣Ada 3 mutation. The Robinson, 1994 , for a review). The sequence similarity two transcripts can also be found in third instar larvae (data not between Drosophila ␣-adaptin and the vertebrate homoshown).
logs is more pronounced in the head domain than in the (data not shown). Next, we performed high resolution confocal microscopy using antibodies directed against Drosophila ␣-adaptin (see Experimental Procedures). nervous system (CNS) and, in addition, in the garland ␣-adaptin is localized to the plasma membrane of the cells and the imaginal discs. At the larval neuromuscular presynapses; no antibody staining of axons or the soma junction, synaptic vesicle recycling is impaired in weak of neurons was observed ( Figures 3B-3F ). In summary, ␣-Ada mutants and blocked in ␣-adaptin-deficient emthe results obtained with both in situ hybridization and bryos. ␣-adaptin is confined to areas of the presynaptic antibody detection consistently argue that D-␣Ada explasma membrane that are distinct from the sites conpression is highly enriched if not restricted to few locataining the active zones of exocytosis. Furthermore, we tions in developing embryos and larvae. show that ␣-adaptin is required for the recruitment of dynamin to the endocytotic sites.
Impaired Movements in D-␣Ada Mutants
The P element insertion of the l(2)06694 enhancer trap Results line interrupts the first exon of the D-␣Ada gene and thereby causes the mutant D-␣Ada 1 allele ( Figure 1C ).
Identification and Expression of the Drosophila
Embryos homozygous for this allele develop into slowly ␣-Adaptin Gene moving larvae that die as pupae. Excision of the P eleCloning of D-␣Ada was initiated through a P element ment resulted in normal adults, indicating that the inserenhancer trap insertion (Spradling collection; Spradling tion had indeed caused the lethal phenotype. In addition, et al., 1995) found in a screen for genes expressed in two imprecise excisions of the P element were obtained. the embryonic nervous system (J. P. Forjanic et al., subThe first imprecise excision caused an internal deletion mitted). The corresponding P element maps to cytologiof P element sequences ( Figure 1C ) that weakens the cal position 21C1-2 ( Figure 1A ) on the left arm of the phenotype. Embryos homozygous for the correspondsecond chromosome (l(2)06694; Karpen and Spradling, ing D-␣Ada 2 allele develop into normal-looking adults that are unable to fly or walk. 1992). We identified a genomic DNA fragment adjacent The regions corresponding to the head, hinge, and ear domains are indicated by empty, solid, and dotted lines above the sequence, respectively. Sequence identity between Drosophila ␣-Adaptin and its vertebrate homologs is highest in the head (␣Ada-C, 82% similarity; ␣Ada-A, 80%), intermediate in the ear (55%), and lowest in the hinge domain (␣Ada-C, 36%; ␣Ada-A, 11%).
The second imprecise excision, giving rise to the neuromuscular innervation pattern, is not affected by the lack of ␣-adaptin ( Figures 4A-4C ). Muscle contractions, D-␣Ada 3 allele, is a deletion encompassing nontranscribed upstream sequences, the two first introns, and however, occur only sporadically, and the larvae fail to hatch from the egg shell. The results therefore suggest the N-terminal region of the protein encoded by both D-␣Ada transcripts ( Figure 1C ). Homozygous D-␣Ada 3 that D-␣Ada is not involved in morphological aspects of neurogenesis but concerns physiological aspects of embryos develop the most severe phenotype, since they die before hatching. Furthermore, embryos that contain neuron function, such as the proposed role for ␣-adaptin in synaptic transmission at the nerve terminals. In order a deletion of the D-␣Ada gene (Df(2L)al) in trans to the D-␣Ada 3 -bearing chromosome show all aspects of the to examine whether and at which step mutant ␣-adaptin interferes with synaptic vesicle recycling, we applied homozygous D-␣Ada 3 mutant phenotype (see below), and both Df(2L)al/D-␣Ada 1 and D-␣Ada 3 /D-␣Ada 1 die the FM1-43 assay to neuromuscular junctions of larvae (Betz et al., 1992; and examined during the same early larval stage. These observations and the molecular lesion indicate that the D-␣Ada 3 mutathe synaptic ultrastructure of embryos by electron microscopy. tion is a lack-of-function allele of the locus.
The FM1-43 assay is based on the ability of the fluorescent FM1-43 dye to intercalate into presynaptic Impaired Synaptic Vesicle Recycling in D-␣Ada Mutants membranes of larval neuromuscular junctions. After a labeling pulse, the fluorescent dye can be washed off, ␣-adaptin-deficient embryos develop into normal-looking first instar larvae. As shown by the normal expression provided that the FM1-43-loaded presynaptic membranes were not already internalized by endocytosis patterns of the neural markers fasciclin II (Grenningloh et al., 1991) and repo (Halter et al., 1995) , the architecture (Betz et al., 1992). Thus, this assay can be taken to monitor whether endocytotic events in the presynaptic of the nervous system of these embryos, including the , 1995) , which is localized at the membrane of both the muscles 6, 7, 12, and 13) are intact (for details on the muscle and axons (arrowheads) and the presynaptic terminals (arrows). ␣-adaptin innervation patterns in wild type, see Goodman and Doe, 1993) . is restricted to the presynaptic terminal (arrow in [B] and [D] ).
(C) Ventral view of a stage 17 D-␣Ada 3 mutant embryo stained with (E) Confocal images of wild-type larval neuromuscular junction (Type anti-repo antibodies showing that the pattern of glial cells in the II) (Johansen et al., 1989 ) stained with anti-␣Ada (green) and antiventral cord is normal (for details of glial patterns, see Halter et al., hrp (red) antibodies. Anti-␣Ada and anti-hrp colocalize at the small 1995). presynaptic boutons (arrow; yellow), while anti-␣Ada is absent from the interconnecting axons (arrowhead; red). CNS neuropile of wild-type and ␣-adaptin-deficient embryos. The mutant synapses were found to be depleted of vesicles and to lack vesicular structures, such as boutons of D-␣Ada mutant occur at normal rates as compared to wild-type motoneurons. At the presynaptic coated or collared pits at the plasma membrane. Instead, the membrane surfaces contained deep folds not boutons of wild-type motoneurons, the fluorescent dye was retained after short FM1-43 labeling pulses (5 s) seen in wild type ( Figures 5E and 5F ). These findings indicate that vesicle recycling is blocked at the initial and subsequent washes ( Figure 5A ). This indicates that FM1-43 was internalized normally by endocytosis. No stage of endocytosis, i.e., the formation of clathrincoated pits. This results in a fusion of the vesicle comcorresponding FM1-43 staining was found in the presynaptic boutons of D-␣Ada 1 mutant neuromuscular juncpartment with the plasma membrane, which causes an expanded surface of the plasma membrane. tions ( Figure 5C ), indicating that the dye could not be internalized after the short labeling pulse. Expanded loading pulses (60 s), however, resulted in extensively Localization of ␣-Adaptin at Presynaptic Terminals We asked next whether ␣-adaptin localizes to the sites stained boutons in both wild-type and mutant neuromuscular junctions (Figures 5B and 5D ). This observaof endocytosis in the presynaptic terminals of motoneurons. For this, we monitored the subcellular localization tion indicates that endocytosis in the weak D-␣Ada 1 mutants is impaired, but not blocked.
of ␣-adaptin by high resolution confocal microscopy using the distribution of known vesicle components, Owing to the small size of the embryonic neuromuscular junctions, the FM1-43 assay is not applicable to emsuch as dynamin, synaptotagmin, and CSP, as reference for the ␣-adaptin patterns in wild-type and shi mutant bryos. We could therefore not analyze corresponding free islands. In order to visualize the ␣-adaptin pattern at the plasma The 5 s FM1-43 pulse is sufficient to load the wild-type but not the membrane, tangential sections of the presynaptic terminal at the mutant presynaptic terminals, while the presynaptic boutons of both side facing the muscle were selected. For the pattern in a nontanare labeled after the 60 s loading pulse. Thus, vesicle formation is gential section, see Figure 3F .
not blocked in the mutant but is impaired. This is consistent with the finding that D-␣Ada 1 is not a lack-of-function allele (see text). (E and F) Ultrastructure of a presynaptic terminal in the CNS neuro-
In the shi mutant synapses, the network-like pattern pile of wild type (E) and homozygous D-␣Adatagmin and CSP (Estes et al., 1996) . Dynamin is depleted from the ␣-adaptin-free zones and, instead, becomes synapses (Littleton et al., 1993;  restricted to a pattern identical to ␣-adaptin (Figures Zinsmaier et al., 1994; Estes et al., 1996) . The shi mutant 7A-7C). In summary, these results establish that ␣-adaptin affects the GTPase function of dynamin. Thus, in conis confined to centers at the presynaptic membrane, trast to the ␣-Ada mutant, this allows endocytosis to be where endocytosis occurs. In addition, the data suggest initiated normally, but vesicle fission does not occur, that ␣-adaptin functions upstream of dynamin. This proi.e., the formation of clathrin-coated vesicles is blocked posal is based on two observations: (i) ␣-Ada mutations (Koenig et al., 1983; Ikeda, 1983a, 1983b;  block endocytosis at an earlier stage than dynamin mu- .
tations do, and (ii) the distribution of ␣-adaptin remains In wild type, synaptotagmin and CSP are distributed unchanged in shi mutant synapses. Furthermore, the between the pools of vesicles in the cytoplasm and at restriction of dynamin to the pattern of ␣-adaptin sugthe plasmalemma (Estes et al., 1996) . We confirmed gests that ␣-adaptin is necessary for the recruitment of the homogeneous distribution of CSP at the plasma dynamin. The results are therefore consistent with the membrane (data not shown). In contrast, ␣-adaptin argument that the recently shown in vitro association forms a dense network-like structure at the plasma of dynamin and ␣-adaptin is indeed functional (Wang et membrane with ␣-adaptin-free islands in between (Figal., 1995) . ures 6A and 6B). We also noted that although dynamin is distributed throughout the surface of the presynaptic Genetic Interactions between ␣-Adaptin membrane, its distribution is not homogeneous but and Dynamin Activities shows areas of enrichment in a network-like pattern In order to elucidate this aspect of ␣-adaptin function, corresponding to the distribution of ␣-adaptin (Figures we studied the possible interaction between the two 6C and 6D). Double-staining experiments involving antiproteins by genetic means, generating D-␣Ada 3 and shi bodies directed against Drosophila ␣-adaptin (Figure double-mutants. shi ts2 is a temperature-sensitive allele 6B) and dynamin ( Figure 6C ) indicate that dynamin is in of the X-chromosomal shi locus (Grigliatti et al., 1973) . fact distributed throughout the plasmalemma but exerts At 25ЊC, a permissive temperature, hemizygous shi ts2 an underlying pattern of higher intensities corresponding to the ␣-adaptin pattern ( Figure 6D ). males develop and behave normally. At the restrictive The networklike structure of ␣-adaptin is not affected in the shi ts2 mutant presynaptic terminal, while synaptotagmin and CSP become restricted to the membrane (arrowhead in [E] ), where they are homogeneously distributed as previously described (Littleton et al., 1993; Zinsmaier et al., 1994; Estes et al., 1996) . Note that the patterns of dynamin in wild-type and shi ts2 mutants are identical at the permissive temperature of 18ЊC, and that the redistribution at the nonpermissive temperature involves a mutant dynamin protein. Data were obtained from stimulated synapses maintained at nonpermissive temperatures.
temperature (29ЊC), however, such males become para-
␣-Adaptin-Dependent Vesicle Formation
In vitro studies have shown that ␣-adaptin triggers the lyzed, and uncoordinated movements can be occasionformation of a clathrin lattice that turns into empty coat ally observed. shi ts2 ;D-␣Ada 3 /ϩ males are indistinguishstructures (Zaremba and Keen, 1983 ; Heuser and Keen, able from wild type when kept at 18ЊC. At 25ЊC, however, 1988; Mahaffey et al., 1990) . This finding, and the posia temperature permissive for both hemizygous shi ts2 tion of AP2 between the clathrin lattice and the vesicle males and heterozygous D-␣Ada 3 males, shi ts2 ;D-␣Ada 3 /ϩ membrane, are consistent with the proposal that the males can neither fly nor walk, and they show sporadic formation of coated vesicles is initiated by an ␣-adaptinand uncoordinated movements. This observation demdependent recruitment of clathrin to the membrane (for onstrates a synergistic effect between ␣-adaptin and a review, see Pearse and Crowther, 1991) . The lack of dynamin mutants, indicating that the two wild-type gene vesicles and the corresponding increase of the preactivities interact in vivo. This result and the coinciding synaptic plasma membrane in the mutant establish that patterns of ␣-adaptin and dynamin in shi mutants sug-␣-adaptin is indeed required for the formation of gest that ␣-adaptin-dependent formation of clathrinclathrin-coated pits. The resulting lack of membrane coated pits and the dynamin-dependent internalization recycling causes an increase of the membrane surface, of vesicles are linked through the dual function of indicating that the pool of vesicle membranes is fused ␣-Adaptin in endocytosis.
with the presynaptic plasma membrane of the ␣-Ada mutant.
Discussion
At the presynaptic terminal, vesicles dock and fuse to release neurotransmitters by exocytosis (Sü dhof, Rapid synaptic transmission in the nervous system 1995). In Drosophila, active zones of transmitter release takes advantage of the general property of cells to recyat the plasma membrane were shown as a discrete eleccle the membrane by endocytosis (Heuser and Reese, tron-dense structure, the so-called dense bodies (Koe-1973; Maycox et al., 1992) . Consistently, vertebrate nig and Ikeda, 1989) . At the neuromuscular junctions, ␣-adaptins have been found to be expressed ubiquisuch active zones were found in patterns of interspersed tously, with the exception of an ␣-adaptin-A isoform that islands . The restricted networkis specifically enriched in neural cells (Ball et al., 1995) .
like structure of ␣-adaptin in both wild-type and shi Likewise, Drosophila dynamin, which is required during mutant presynaptic terminals, where vesicles formation synaptic transmission (Koenig et al., 1983) , is ubiquiis blocked at the collared pit stage, leaves such islands tously expressed and required (Poodry et al., 1973 ; Chen void of ␣-adaptin. This observation suggests that et al., 1992). Our results provide evidence for a Drosoph-␣-adaptin defines regions within the presynaptic memila ␣-adaptin that is essential for recycling of synaptic brane that are complementary to the distribution of acvesicles. The highly restricted expression patterns of tive zones. If this inference is correct, it would imply that the Drosophila ␣-adaptin, as visualized by both tranexocytosis and endocytosis events occur in different script and protein detection, and the specific defects in locations at the presynaptic membrane. the mutants exclude a general role for this ␣-adaptin for
The compositions of the plasma membrane and the endocytosis in all cells. Also, the mutant defect indicates synaptic vesicle membranes are different (von Wedel et that the lack of D-␣Adaptin activity in the nervous sysal., 1981; Torri Tarelli et al., 1990; Valtorta et al., 1990) . tem cannot be compensated for by a redundant action This supports the argument that the membranes of exoof other members of the ␣-adaptin family, which must cytotic vesicles never fuse completely with the plasma exist in the Drosophila genome to function in endocytomembrane and instead open up at the fusion site to release the transmitter, closing immediately thereafter sis outside of the nervous system. (Ceccarelli et al., 1973) . Such a mechanism implies that at an earlier step of endocytosis than dynamin (as indicated by their respective mutant phenotypes), and since active zones of exocytosis and the site of vesicle recycling would coincide (Ceccarelli et al., 1979) . However, the subcellular localization of ␣-adaptin is not affected in shi mutants. These findings indicate a molecular link most recent ultrastructural analysis of shi mutant synaptic terminals provides evidence for two distinct pathbetween the formation of clathrin-coated pits and the detachment of coated vesicles, coordinating two conways for vesicle re-formation (Koenig and Ikeda, 1996) . One pathway emanates from the active zone of exosecutive steps of the process of endocytosis. cytosis and has a fast time course. It involves small clusters of vesicles that are observed at the active The Vesicle Cycle: Control by Limiting Factors? zones. The formation of these vesicles does not include
The ␣-adaptin mutant phenotype indicates that the lack intermediate structures, such as coated pits, coated of vesicle formation affects not only physiological asvesicles, or cisternae, and might be accomplished by a pects of synapse function but also causes a corresponddirect pinch-off at the plasma membrane. The second ing increase of the plasma membrane complement. This pathway emanates from sites away from the active suggests that membrane fractions present in the vesicle zones and results in the re-formation of the rest of the and plasma membrane compartments, and their rapid vesicle population throughout the terminal. It has a exchange by exocytosis/endocytosis events, are reguslower time course and involves coated collared pits.
lated to maintain the surface area of the synapse and The distinct staining pattern of ␣-adaptin, in a netthe pool of available synaptic vesicles. This control obviwork-like array, suggests that ␣-adaptin acts preferenously does not involve exocytosis, since it proceeds to tially, if not exclusively, in the second pathway involving cause an expansion of the membrane surface in the coated vesicles outside the active zones. Furthermore, ␣-adaptin mutant synapses. Neither is vesicle internalthe lack of vesicles and a corresponding expansion of ization the controlling step, because in the dynamin the plasma membrane in ␣-adaptin-deficient embryos mutant shi, the membrane can be processed into are consistent with a recycling mechanism that builds clathrin-coated pits that remain attached to the plasma upon a complete fusion between the vesicle and plasma membrane. Furthermore, collared coated pits are rarely membrane compartments during exocytosis, and the observed in wild type, suggesting that they represent a re-formation of vesicle membranes at separate centers very transient intermediate, and, therefore, that vesicle of endocytosis.
internalization by dynamin is not a limiting step. One can envision a scenario where the recruitment of the AP2 complex to the plasma membrane is a rate-␣-Adaptin and Dynamin Interactions limiting step, which in turn could be controlled by memDynamin, originally identified as a microtubule-binding brane-associated AP2 receptors that are released from protein (Shpetner and Vallee, 1989) , has been shown to exocytotic vesicles. Such a molecular link between exohave GTPase activity in vitro, containing three GTPcytosis and endocytosis events would guarantee exobinding consensus motifs. Introducing mutations that cytosis-dependent membrane retrieval, as suggested interfere with GTP binding was found to have no effect by the temporal link of exocytosis and endocytosis (von on microtubules in transfected cells, but endocytosis Gersdorff et al., 1994; Betz and Wu, 1995; Smith and was blocked (Herskovits et al., 1993; van der Bliek et Betz, 1996) and by the recently shown in vitro interaction al., 1993). In shi mutants, the clathrin-coated pits are between AP2 and synaptotagmin (Zhang et al., 1994) . normally formed at the plasma membrane but fail to Our results show, however, that synaptotagmin does pinch off the membrane (Koenig et al., 1983 ; Kosaka not colocalize with ␣-adaptin in shi mutants. This sugand Ikeda, 1983a , 1983b . In gests that the role of synaptotagmin and AP2 associacontrast, the coated pits fail to form in the membrane tion (Zhang et al., 1994) is more likely to serve the recyof ␣-Ada mutants. These observations formally argue cling of synaptotagmin from the membrane, returning it that ␣-adaptin and dynamin act in two distinct steps to the cytoplasmic pool of synaptic vesicles to take part during vesicle recycling, and they are not consistent in the subsequent exocytosis event (Brose et al., 1992 ; with the proposed direct interaction between AP2 and Sü dhof, 1995). Alternatively, synaptotagmin could be dynamin as revealed by in vitro studies (Wang et al., one of several functionally redundant receptors to an-1995). However, the increased temperature sensitivity chor the AP2 complex to the membrane to initiate a new of the shi mutation caused by the lack of one functional vesicle cycle. copy of the ␣-adaptin gene strongly suggests that the two molecules act in linked processes, and, therefore,
Experimental Procedures
that ␣-adaptin is also required for the dynamin-dependent internalization of the vesicles. This finding, together
Molecular Analysis and Mutant Strains
with the subcellular localization of ␣-adaptin in wild type Plasmid rescue, zap cDNA library screening (0-to 18-hr-old emand the colocalization of ␣-adaptin and dynamin in shi bryo), in situ hybridization of DNA probes to polytene salivary gland chromosomes, preparation of genomic and recombinant DNA, mutant synapses, is therefore consistent with a function Southern and Northern analyses, and sequencing of both the cDNA of the ␣-adaptin-containing AP2 complex in recruiting and corresponding fractions of the genomic DNA from the rescued the GTPase dynamin to the assembled clathrin-coated fragment were performed as described (Frommer et al., 1996) . Sepits (Wang et al., 1995) . The genetic interaction shown quence comparison analysis was performed according to the J.
here also indicates that ␣-adaptin directly or indirectly Hein method using Megalign/DNASTAR software. ␣-adaptin functions upstream of dynamin, since it acts generated by imprecise excision of the P element initiated as deAcknowledgments scribed (Frommer et al., 1996) . D-␣Ada 2 is an internal deletion; D-␣Ada 3 is a lack-of-function allele owing to a 3 kb deletion affecting We thank R. Ferná ndez de la Fuente for excellent technical assistance; C. Hartmann, J. Wittbrodt, and G. Dowe for their various both the promoter and the coding sequence for the N-terminal part of the Drosophila ␣-adaptin protein (see Figure 1C) . D-␣Adaptin contributions; P. Carrera for help in generating antibodies; D. Kö tting and M. Gemkow for help with TEM and confocal microscopy; M. mutations were kept either over a balancer chromosome containing a lacZ reporter gene to identify homozygous mutant embryos Ramaswami, H. Bellen, E. Buchner, C. Bazinet, C. Goodman, J. Urban, A. Spradling, and the Flybase for fly stocks and reagents; (D-␣Ada 3 ) or over T(2;3) SM6a-TM6b,Tb (Lecuit et al., 1996) to identify homozygous mutant larvae (D-␣Ada 
